Abstract. Pedicle screw (PS) fixation has been widely used for spine diseases. Scientists and clinicians employ several approaches to navigate PS during operation. We have demonstrated the feasibility of monitoring the reduced scattering coefficient (μ 0 s ) on the trajectory of PS using near-infrared spectroscopy (NIRS). To perform the in-vitro monitoring, an NIRS measurement system was introduced and the reduced scattering coefficients of different sites in porcine pedicle were accurately deduced from the spectrum. Moreover, the changes of the reduced scattering coefficient along the different paths were studied. The results show reduced scattering coefficients on different regions of bones can be significantly distinguished. Furthermore, monitoring experiments along different paths confirmed that a reduced scattering coefficient would change versus the depth of puncture in pedicles. Thus, the proposed monitoring system based on NIRS provides a potential for guiding PS during operation. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Monitoring the reduced scattering coefficient of bone tissues on the trajectory of pedicle screw placement using near-infrared spectroscopy 
Introduction
Pedicle screw (PS) fixation has been widely used as a spine fusion operation. However, PS fixation operations by conventional methods, including surgeon's subjective feeling, anatomic landmarks, and fluoroscopy, have a failure rate of 10% to 55%. 1, 2 Therefore, the successful use of PS for spinal operation has sparked the development of a variety of approaches aimed at improving the safety and accuracy during these procedures.
Several methods have been utilized to increase the accuracy of screw placement, 3, 4 such as somatosensory evoked potentials, 5 motor evoked potentials, 6 compound muscle action potentials, 7 electromyography recordings (EMG), 8, 9 computed tomography (CT), 10, 11 intraoperative fluoroscopy, 12, 13 and computer-aided frameless stereo axis. [14] [15] [16] All of these methods offer varying degrees of benefit; however, they all have limitations. 17 Neurophysiologic monitoring requires the presence of trained neurophysiology personnel in the operating theater during PS placement. Recording the sensory or motor evoked potentials relies on the detection of impingement on nervous tissue. Considering a warning system, these methods are flawed because the surgeon is alerted too late in the whole process when the crisis of the impaired nervous function has already been detected. All neurophysiologic recordings are influenced by numerous intraoperative parameters including anesthetic agents, body temperature, blood pressure, electrical interference, electrical contacts, and blood chemistry. Researchers have reported the false-negative results as high as 23% using EMG monitoring method during PS placement. 18, 19 With the development of computer technology, imageguidance in the spine has become an interactive and effective navigation method. Computer-aided stereotactic navigation can provide a three-dimensional (3-D) guide for PS placement. The image guidance facilitates preoperative planning, which can determine the optimal trajectory for PS placement. Although computer image guidance remains a very useful tool in complex spinal cases, it also has some drawbacks. The system is expensive and complicated to use, requiring preoperative CT scanning and registration techniques. The surgeons need a wide range of experience and formal training. Furthermore, it is relatively time consuming especially if more than one registration is necessary for multilevel problems. 20, 21 Intraoperative fluoroscopy method has resulted in prolonging the time and radiation exposure for the surgical personnel and the patient. Finally, the CT has been employed for the assessment of PS position after surgery, but by that time it is too late. 22 Considering the limitations of the current guidance methods, a new portable electrical conductivity-measuring device was used to detect the pedicle violation. The technology allows real-time monitoring of the detection of perforation through impedance variation and evoked muscle contractions. 23 This measurement has a high sensitivity for the detection of breaches. The limitation is that it cannot judge the PS location in the pedicle during the surgery.
Compared with the above methods, a device based on nearinfrared spectroscopy (NIRS) was first used to guide PS during pedicle surgery. The dual-fiber probe method provides a simple, safe, and sensitive method to guide PS during routine perforation of the pedicle, based on the steady-state diffuse reflectance spectroscopy. [24] [25] [26] [27] [28] In this paper, we used a new strategy to explore the optical reflectance along the PS fixation trajectory. We presented the design and implementation of a device for invitro assessment of the reduced scattering coefficient (μ 0 s ) from the optical spectrum. The variation of μ 0 s in different regions along the trajectory of PS was resolved with reasonable accuracy. The change curves of the three trajectories were significantly different, which would be helpful for the guidance of the PS operation. This NIRS technique has been used to study the optical properties of biological tissue, identify tissue types, diagnose cancer, and monitor drug delivery processes. 29 Basically, light is delivered to the tissue surface and undergoes multiple elastic scatterings and absorptions. Part of it returns to the surface as a diffuse spectrum, carrying quantitative information about the structure and composition of the measured tissue. Wavelength-dependent absorption can be used to quantify the concentrations of biologically important chromospheres, such as hemoglobin, water, fat, and near-infrared absorbing drugs. 30, 31 Light scattering can also provide information in real time on scatterer size and density within the measured tissue, providing a possible marker used in optical biopsy and optical identifications of tissue. 32 In this research, a needle-like dual-fiber probe was employed to explore the characteristic spectrum along the placement trajectory of PS in vertebrae bones. The monitoring technology allows real-time monitoring of the direction of perforation. The reduced scattering coefficient (μ 0 s ) of different regions related to the trajectory of PS was measured, including compact bone, boundary (between compact bone and spongy bone), spongy bone outside, and spongy bone inside. In addition, the changes in the reduced scattering coefficient were also measured and studied along the different paths, including the normal puncture path, the lateral perforation path, and the medial perforation path. The results show that this method based on NIRS has potential for improving the accuracy of PS placement.
Material and Methods

System Setup
A custom-made near-infrared spectroscopy (NIRS) measurement system is schematically shown in Fig. 1(a) . The system consists of a needle-like dual-fiber probe, a stabilized fancooled broadband light source (HL 2000, Ocean Optics Inc., Dunedin, Florida), an optic spectrometer (USB2000, Ocean Optics Inc., Dunedin, Florida), and a computer with our specific software.
The source was a stabilized fan-cooled broadband light source (20 W) . The integration time was 150 ms. The spectral values of each point were recorded for 0.5 s and the data for 10 s (20 values) were averaged. The needle-like dual-fiber probe had two optic fibers with a diameter of 200 μm, which were connected to the light source and optic spectrometer, respectively. The two fibers were arranged in parallel at a core-to-core distance of 200 μm in a steel tube. Light was emitted from the light source and went through the optical fiber to the surface of the tissue, which has a wide wavelength range of 360 to 2000 nm. Because of the scattering nature of light, the diffuse reflectance contained information of tissues, which were at a certain depth in front of the probe tip [ Fig. 1(b) ].
The optic spectrometer detected the light spectrum and the signal was analyzed and stored in e computer. Characteristic factors (CF) of different tissues in vertebra bones such as the reduced scattering coefficient (μ 0 s ) were deduced. The details in calculation of reduced scattering coefficient were given. 33 The slope (700 to 850 nm) of the spectrum was calculated. It was relevant to the reduced scattering coefficient in some wavelength (e.g., 690 nm). 34, 35 Several experiments with extensive phantom models with different μ 0 s were performed to deduce the empirical equation as follows: 
In this equation, the unit of the μ 0 s values is cm −1 , and k is the slope of the spectrum curve from 700 to 850 nm, as shown in Fig. 1(c) . According to the equation, the μ 0 s value (690 nm) was measured by the NIRS system for a specific probe.
Considering the influence of the source on the measurement of the reduced scattering coefficient, a calibration phantom model (ISS, Inc., Champaign, Illinois) will be used to obtain a reference spectrum before the experiment on tissues. Then, all the measurement spectra are normalized to this reference spectrum. The results of the bones were validated by Oximeter (model 96208, ISS, Inc.). Furthermore, the average of the reduced scattering coefficient value for bones is 17.58 cm −1 , which is similar to the results in this study.
36,37
Experiment Methods
Fresh porcine lumbar vertebrae, which came from mature pig cadavers weighing 38 to 45 kg, were fixed on the bracket. Muscle tissue on the bone surface was removed by operation blades to expose the confluence of the transverse process and the facet joint. Considering that the detection depth was approximately 100 μm, the vertebra model was simplified. 38 Then each vertebra was cut into two halves and the smooth cross sections are shown in Fig. 2 .
The fresh vertebrae were divided into two groups (n ¼ 15∕group). In group 1, measurement points were located at four different regions along the trajectory, which were compact bone (the region between black solid line and brown solid line in Fig. 2 ), boundary (the region on brown solid line in values for all regions were analyzed. Maximum and minimum values were analyzed according to the averages of the maximum and minimum values of each bone. Group 2 was used for the measurement along the different insertion trajectories, including the normal puncture path (middle arrowed line in Fig. 2 ), the lateral perforation path (right arrowed line in Fig. 2) , and the medial perforation path (left arrowed line in Fig. 2 ). The three different insertion trajectories were marked on the section of each vertebra. The measurement points were chosen every 1 mm along each path, which passed through compact bone, boundary, spongy bone outside, and spongy bone inside. The different lengths of the three trajectories led to the different numbers of measurement points, such as 9 points along the medial perforation path, 17 points along the normal puncture path, and 14 points along the lateral perforation path. A set of μ 0 s values along different paths were obtained.
Results
Reduced Scattering Coefficients in Different Regions
In group 1, the μ 0 s values in porcine vertebra were recorded in different regions, including compact bone, bone boundary (between compact bone and spongy bone), spongy bone outside, and spongy bone inside. Figure 3(a) shows the anatomical photograph of vertebra and the black arrows representing specific places of different regions. Along the red dotted line left to right, the regions are compact bone, bone boundary, spongy bone outside, and spongy bone inside.
Figure 
Reduced Scattering Coefficients Along Different Paths
In group 2, the changes of μ 0 s along the different paths (the normal puncture path, the lateral perforation path, and the medial perforation path) were observed. Figure 4(a) shows the anatomical photograph of half a vertebra and three marked paths (black arrow line). Figure 4(b) gives the section of vertebra and the three colored lines are the same as the lines in Fig. 4(a) . Fig. 4(b) and the points were in different tissues. Point A indicated the starting point, point B was located in bone boundary, point C was in spongy bone, and point E was the terminal point. Along the lateral perforation path and the medial perforation path, point D was in bone boundary. But along the normal puncture path, point D and point E were both located in spongy bone. The results confirmed that the different paths had distinguished curves.
To quantify the data in points A-E, the values were shown in Table 1 . In the puncture process, the reduced scattering coefficient at point A (compact bone) was small. Then the curve began to increase and reached (bone boundary) the maximum value at point B. This process indicated that the trajectories passed from compact bone to spongy bone. After the highest point, the μ 0 s values were in a low range, which indicates these points were located at spongy bone, and then they were through spongy bone outside, spongy bone inside, and spongy bone outside.
Along the lateral perforation path and the medial perforation path, the μ 0 s value at point C (spongy bone outside) was smaller than that at point D (bone boundary or spongy bone). In addition, the values of points in spongy bone still fluctuated in a certain range. At the end of the path, the μ 0 s values were a little bigger at point E (different regions) than at point A.
Changes of μ 0 s Values Along Different Paths
Figure 4(f) shows the changes of μ 0 s along with the depth of 0 to 15 mm in the bone during the normal puncture, the lateral perforation, and the medial perforation. All the curves had a peak from the starting point. The changes of μ 0 s values were different in that they had a smaller range during the normal puncture after the first peak. Specifically, along the lateral perforation, the μ 0 s value was 18.7 cm −1 for the depth of 13 mm and along the medial perforation it was 16.58 cm −1 for the depth of 8 mm, while in the normal puncture, the μ 0 s value was smaller for the depths of 2 to 15 mm.
Three curves in the porcine spine experiment were compared. The results showed that the μ 0 s value was small at point A, increased at point B, then decreased. The changes of the value were probably due to the perforation of the compact bone. Moreover, Table 2 showed that the changes of μ 0 s value were different at the end of the normal puncture, the lateral perforation and the medial perforation. The changes of the normal puncture from C to D and from D to E were slightly less than that of the lateral perforation and the medial perforation. The change along the normal puncture from C to D was 15.37% and from D to E was 11.58%. However, they were smaller than those not only along the lateral perforation from C to D (27.38%) and from D to E (23.85%), but also along the medial perforation from C to D (35.02%) and from D to E (23.82%). In summary, the changes of μ 0 s values along the lateral perforation and the medial perforation became larger than that along the normal puncture.
Discussion
A PS fixation system has been playing an increasingly important role in the treatment of tumors, trauma, and spondylolisthesis for providing stability and correction of deformity. 39, 40 To my knowledge, this is the first study to present a new monitoring system using NIRS to acquire the μ 0 s values of different tissues in vertebrae in real time. We demonstrated that the μ could be used to identify tissues along the trajectory of PSs. In this experiment, porcine pedicle μ 0 s values were measured in different regions and along different paths of PS insertion.
Some results came from the experiment of μ 0 s in different regions, which were related to the different structures of porcine pedicle. It was concluded that different regions could be significantly distinguished according to different μ 0 s values (defined as CF). The structure of spongy bone outside and spongy bone inside was different, so the ranges of μ 0 s value of spongy bone outside showed a narrower range than that of spongy bone inside. The reason might be that the spongy bone outside region had a tight structure, but the spongy bone inside the region was not uniform for this section [ Fig. 3(a) ]. The μ 0 s values in compact bone were very small, in spongy bone were larger, and in bone boundary were the largest. Compact bone and bone boundary were adjacent in position, so the values had obvious/ significant changes on the path through the compact bone and spongy bone, which brought guidance for PS. The same situation occurred when there was a path through spongy bone and compact bone. This phenomenon would contribute to choosing a suitable path for puncture during the clinical operation.
The results from experiments of μ 0 s along different paths were meaningful to puncture operations. The curves of μ 0 s values along the normal puncture path, the lateral perforation path, and the medial perforation path showed a sharp increase at the beginning because there was the bone boundary between compact bone and spongy bone. Similarly, there was another peak on the curves of the lateral perforation and the medial perforation, which indicated the tip of the probe passed through another bone boundary. The changes on the curves of μ 0 s values along the normal puncture in spongy bone were slight and the μ 0 s values were in a certain range [ Fig. 3(b) ]. This was because the screw was kept in the spongy bone and there was no presence of a cortical breach. The steep increase in μ 0 s values from the second peak may be chosen as a rule to judge the normal puncture and other perforations. Therefore, the different changes of μ 0 s values from different paths would reflect that the instrument had the ability to assist puncture operations.
In principle, an optical volume lies straight ahead at an optical probe tip when two fibers within the probe are placed within the tissue. Whether the probe is put deep into tissue or on the bone surface, the detection volume is the same. Thus, we place the probe above the vertebra cross-section surface (top) and make measurements at a various distances and directions in the experiment instead of drilling the probe into the vertebra from the typical screw insertion location and making measurements as the drilling progresses. In future research, a validation experiment in a more realistic case will be performed, making the experimental process closer to clinical applications. For instance, the probe was designed with a standard drilling tool at the tip for pedicle preparation.
The results from the two experiments show the changes of μ 0 s values based on NIRS, which is a potential for improving the accuracy of PS placement. However, more analysis concerning these values has not been done and a convincing threshold has not been defined. This threshold would be studied in the future research. If the μ 0 s value was more than the threshold, a warning would be given in time. Further study findings will assistant in warning the practitioner that the screw is reaching the correct location during PS placement.
Although several monitoring systems for PS accuracy exist, some of them lack sufficient sensitivity to allow rapid assessment of new technologies. 41, 42 Our monitoring technology allows real-time detection of perforation. The changes of μ 0 s values in different regions related to the trajectory of PS are easy to achieve and sensitive enough to distinguish an abnormal PS. But in two groups, only the μ 0 s values are regarded as the most important indicator. Therefore, a better method should be developed, which includes more parameters from our NIRS system, such as the absorption coefficient (μ a ).
In most studies, hundreds to thousands of screws have been examined to obtain a statistically meaningful assessment of screw placement accuracy. Previous studies have compared the accuracy of PS placement between two technical modalities, both with open procedures and with minimally invasive procedures, through the application of various scoring systems to postoperative CT images. 43, 44 These studies evaluate accuracy by recording the presence or absence of a cortical breach, or through grading in terms of breach security. However, the NIRS system used in the experiments does not have an alarm device to interpret the presence or absence of a cortical breach. The incorporation of multiple functions, such as screw position in 3-D space according to CT, in addition to cortical breaches, will make our proposed system a more sensitive tool in accuracy evaluation. Furthermore, this system is able to clinically evaluate important subcategories of screw position, such as medial and lateral breaches.
The ideal system for PS should include the following characteristics: easy availability in the operating theater, accurate, lowest radiation exposure to the professional team and the patient, and simple technique which is easily reproducible at any time during surgery. Additional clinical studies are needed to further elucidate differences in these techniques. This study provides a foundation and justification for such research.
Conclusion
In summary, we successfully monitored the reduced scattering coefficient of bone tissues on the trajectory of PS placement using NIRS. The reduced scattering coefficient was used for identifying different tissues in the trajectory of PS placement, which produced a real-time monitoring pattern factor during surgery. In addition, reduced scattering coefficients were acquired for three puncture paths, including the normal puncture, the lateral perforation, and the medial perforation path. The change curves of the three trajectories were significantly different, which would be helpful for the guidance of PS operation. Furthermore, the needle-like probe would be applied during percutaneous surgery and midline incision surgery. In future research, an alarm device will be applied to give an alarm if the PS is close to nerve tissue. It will provide important location information to the surgeon. The results suggest that this system using NIRS may have potential for the development of hi-tech medical instruments in navigation of PS during surgery in real time.
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